Abstract The aim of this work was to develop and characterize microfibrillated cellulose (MFC)/pullulan bionanocomposites. Fourier transform infrared spectroscopy suggested that the affinity between the two polymers resulted in new hydrogen bonding of the nanocomposite materials compared to pristine pullulan. At the same time, an increase in crystallinity was observed proportional to the amount of MFC used, as shown by the X-ray analyses. Accordingly, final films showed improved mechanical properties proportionally to the filler loading, with impressive elastic modulus and tensile strength of *4.50 GPa and *60 MPa, respectively, for the sample containing 10 % MFC. However, as demonstrated by the moisture sorption isotherms, the addition of MFC did not help reduce the amount of water adsorbed by the samples. In addition, the oxygen and water vapor permeability data clearly showed that final films still suffered high relative humidity values, whereas their barrier performance toward oxygen was excellent under dry conditions, with O 2 permeability coefficients (P 0 O 2 ) comparable with those of common high barrier films/ coatings. Finally, while the nanocomposites in the form of films had high haze values (from 23 to 40 %), the same nanocomposites in the form of coatings were decidedly more transparent, which suggests that their use as thin layers could be more suitable when the ''seethrough'' capability must be preserved, for example in food packaging applications.
Introduction
Due to environmental and sustainability issues, recent years have witnessed increased attention in ''green'' technologies, particularly in the field of materials science, where nanotechnology enables new structures with unprecedented properties and functionalities to be created. One of the most striking outcomes is represented by bionanocomposites, i.e. mixtures of biopolymers with organic and/or inorganic additives having nano-length scale and certain geometries (fibers, flakes, spheres, and particulates) (Siqueira et al. 2010) . These nano-fillers are preferentially produced through a ''top-down'' approach which involves the progressive reduction in size of bulk materials by means of physical/chemical routes (e.g., grinding, milling, and ultrasonication) (Sorrentino et al. 2007) .
Cellulose nano-sized derivatives are among the most commonly-employed natural fillers for the current generation of bionanocomposites (Klemm et al. 2011; Faruk et al. 2012) . Cellulose is the most abundant biopolymer on earth and has drawn much attention for its renewable, recyclable, compostable and biodegradable properties. Cellulose is a linear b-glucose homopolymer with subunits called cellobiose, b-1,4 linked glucose (Cabiaca et al. 2011) , with several hydroxyl side groups that contribute to its hydrophilic behavior. The cellulose chains are arranged in strands of microfibrils that are partially crystalline, the crystalline parts held together by hydrogen bonding and van der Waals forces immersed in a matrix of hemicellulose and lignin (Berglund 2006) . Cellulose fibers can be disassembled into their structural nano-components )-cellulose nanoparticles (CNs), such as microfibrillated cellulose (MFC), nanofibrilated cellulose (NFC), and cellulose nanocrystals (CNCs), which differ from each other regarding size, aspect ratio, morphology, crystallinity, crystal structure and properties (Moon et al. 2011) .
Microfibrillated cellulose (MFC) in particular has been successfully used to produce bionanocomposite films and coatings to improve barrier properties: for example, against oxygen (Hult et al. 2010; Minelli et al. 2010 ) and water vapor (Azeredo et al. 2009 (Azeredo et al. , 2010 Kaushik et al. 2010) ; mechanical properties (Peng et al. 2011; Hansen et al. 2012) ; thermal properties (Tingaut et al. 2009; Jonoobi et al. 2010) ; and to modulate the release of active compounds (e.g., antimicrobials) (Cozzolino et al. 2013) .
Among the wide assortment of biopolymers, pullulan, an exopolysaccharide produced by the fungus-like yeast Aureobasidium pullulans, is increasingly regarded as a suitable candidate for the fabrication of bionanocomposites due to its unique properties (Farris et al. 2014) . Pullulan is nontoxic, tasteless, odorless and biodegradable, with high film-forming abilities (Yuen 1974; Trovatti et al. 2012) . The a-(1 ? 6) linkage between maltotriose residues contributes to the structural flexibility and high solubility of pullulan (Leathers 2003) , whereas the presence of hydroxyl groups on the molecular skeleton is responsible of the extensive intermolecular hydrogen bonding and superhydrophilicity, which have been profitably exploited to develop oxygen barrier and anti-fog coatings, respectively Introzzi et al. 2012a) . As with most biopolymers, pullulan suffers some drawbacks, among which sensitivity to external moisture dramatically affects its performance. Blending pullulan with other biopolymers has been shown as a valid strategy to control moisture sensitivity Biliaderis 2006, 2007; Xiao et al. 2012; Wu et al. 2013 ). More recently, pullulan has been used in combination with natural montmorillonite (Na ? -MMT) to produce bionanocomposite materials with enhanced properties even at high relative humidity values (Introzzi et al. 2012b) .
The goal of this work was to develop a green bionanocomposite using MFC as the organic nanosized entity incorporated in the main biopolymer matrix, i.e., pullulan. The sensitivity of the resulting composite toward water in terms of barrier and sorption properties, together with the oxygen barrier, mechanical, and optical properties, was assessed as a function of the nanofiller concentration.
Materials and methods

Materials
MFC was produced at the Paper and Fiber Research Institute (PFI, Trondheim, Norway) by two different types of cellulose: (I) Elemental chlorine-free (ECF) fully bleached sulphate pulp mainly based on juvenile Picea abies and (II) Elemental chlorine-free (ECF) fully bleached sulphate cellulose mainly based on mature Picea abies with up to 5 wt% pine (Pinus sylvestris), according to the same manufacturing procedure described by Turbak and Herrik (Turbak et al. 1983; Herrick et al. 1983 ). The main physicochemical characteristics of the obtained MFC were described in previous papers (Syverud and Stenius 2009; Iotti et al. 2011 
MFC-pullulan nanocomposites preparation
A fixed amount of pullulan (10 wt%, wet basis) was dissolved in distilled water at 25°C for 1 h under gentle stirring (500 rpm). Different amounts of MFC were added to the pullulan solution (600 rpm 9 6 h) to yield pullulan/MFC ratios of 10:0.1, 10:0.5, and 10:1, which were coded as B1, C5 and D10, respectively. The pure pullulan solution was denoted as A0 and was used as a control. Pullulan-MFC films were obtained by the casting method, i.e., pouring a fixed amount of bionanocomposite water dispersions into acrylic Petri dishes (12.5 9 20.5 cm) and placing them at 30°C in an oven for 3 days. With the exception of samples used for the sorption experiments, all films were stored in a climatic chamber (23°C and 52 % relative humidity, RH) for an additional week to ensure the equilibrium moisture content.
The thickness (l) of the dry films was measured using a micrometer (Dialmatic DDI030 M, Bowers Metrology, Bradford, UK) to the nearest 0.001 mm at 10 random locations.
Infrared spectroscopy
Infrared spectra of the films were recorded using a PerkinElmer FT-IR Spectrum 100 Series spectrometer (PerkinElmer, Waltham, MA) equipped with a universal attenuated total reflectance (UATR) accessory featuring a single-reflection sampling plate with a 1.8 mm round germanium surface. The spectra were recorded over a range of 650-4,000 cm -1 with a resolution of 4 cm -1 and averaged over 10 scans. Spectrum 6.0 software was used for data acquisition and analysis.
X-ray diffraction (XRD)
The films were powdered using a IKA MF10 basic mill (IKA-Werke GmbH & Co. KG, Staufen, Germany) equipped with a cutting mill head. Each powder was placed in a zero-background sample mount (silicon crystal specimen holder-Bruker) and analyzed with a Bruker D2 Phaser diffractometer (CuKa radiation, Theta/Theta geometry, spinner, and LynxEye linear PSD detector). The following operating conditions were applied: 30 kV, 10 mA, 2h range 6-50°, step size 0.02°, time per step 2 s, sample rotation 15 rpm, detector opening of 5°2h. X-ray patterns were evaluated using Bruker EVA v14.2 software (Bruker AXS, 2008) . MFC profiles were compared with the idealized powder diffraction patterns for cellulose polymorphs calculated by French (2014) .
Moisture sorption properties
Water sorption isotherms are useful for predicting water sorption properties of cellulosic materials and provide insight into the interaction between water molecules and cellulosic compounds (Belbekhouche et al. 2011) . Moisture sorption data were collected according to the procedures reported in the COST project of European Cooperation in the field of technical and scientific research and the principles described by Bell and Labuza (Bell and Labuza 2000) . For this purpose, one square centimeter of each sample was initially kept for 3 weeks in a glass desiccator containing anhydrous calcium sulfate and then moved into sealed glass jars containing saturated salt slurries in the a w range 0.11-0.92 and stored in a refrigerated incubator (model FOC 225E; Velp Scientifica, Usmate, Italy) at 25 ± 0.2°C for 3 weeks.
The equilibrium moisture content data were then fitted to the Guggenheim-Anderson-DeBoer (GAB) sorption isotherm model, which is widely used to fit the sorption data of cellulosic materials (Mali et al. 2005) :
The fitting procedure was performed using nonlinear curve-fitting software (Tablecurve 4.0; Jandel Scientific, San Rafael, CA). In Eq. 1, a w is the water activity generated by each saturated salt solution; M and M 0 are the equilibrium moisture content and the moisture content value in the monolayer, respectively, both expressed as grams per 100 g of dry matter. C and K are constants associated with the enthalpies of Cellulose (2014) 21:4323-4335 4325 sorption of the monolayer and multilayer, respectively. In particular, the constant C should always have a positive value due to the exothermic interaction of water vapor with the primary sorption sites of the hygroscopic matrix, whereas reasonable values of K considerably higher than unity have been never found in the literature. Therefore, the suitability of the mathematical model used in this work was assessed not only by evaluating its ability to fit the experimental data (hence by the R 2 and RMSE coefficients) but also by assuming the physicochemical basis of the water sorption phenomenon . Each isotherm was obtained as an average of three data sets (i.e., three replicates).
Mechanical properties
Elastic modulus (Emod, MPa), elongation at break (e, %), and tensile strength (TS, GPa) of films were measured according to the ASTM D882-02 by means of a dynamometer (mod. Z005, Zwick Roell, Ulm, Germany) fitted with a 5 kN load cell and connected with two clamps placed at a distance of 125 mm apart. Emod, i.e., the slope of the initial rising part of the stress-strain curve, was determined according to a software-assisted procedure based on a secant method; e was calculated dividing the extension-at-break of the sample by the initial gauge length and multiplying by 100; TS was calculated using the equation TS = F/A, where TS is the tensile strength in MPa, F is the force in N at maximum load, and A is the initial cross-sectional area (mm 2 ) of the film sample. For each parameter, final results are the mean of twenty replicates.
Oxygen and water vapor barrier properties
For the permeability measurements, a MultiPerm permeability analyzer (ExtraSolution Srl, Capannori, Italy) equipped with one electrochemical sensor (for O 2 permeability determination) and one infrared sensor (for water vapor) was used. To minimize the influence of heterogeneities in the thickness of the final films on the barrier properties, the different samples were tested in the form of thin coatings laid on a plastic substrate. For the coating deposition, an aliquot of the water dispersions was placed on the corona-treated side of rectangular (24 9 18 cm 2 ) polyethylene terephthalate (PET) films (12.0 ± 0.5 lm thick) provided by Toray (Saehan, Kyungbuk, South Korea). For the deposition of the coating, an automatic film applicator (ref 1,137, Sheen Instruments, Kingston, UK) at a constant speed of 2.5 mm s -1 was used, according to ASTM D823-07-Practice C. The deposition was performed using a horizontal steel rod with an engraved pattern, which yielded final coatings of comparable nominal thickness of 1 lm after water evaporation. Water evaporation was performed using a constant and perpendicular flux of mild air (25.0 ± 0.3°C for 2 min) at a distance of 40 cm from the applicator. Coated films were then stored under controlled conditions (23.0 ± 0.5°C in a desiccator) for 48 h before permeability measurements.
The oxygen barrier properties of film samples were assessed on a 50 cm 2 surface according to the standard method ASTM F2622-08, with a carrier flow (N 2 ) of 10 mL min -1 , at 23°C, 0 % relative humidity (RH) and at one atmosphere pressure difference on the two sides of the specimen. The oxygen transmission rate (O 2 TR) data provided by the instrument were converted into permeability coefficients according to the following equation:
In Eq. 2, P 0 O 2 is the oxygen permeability coefficient (mL lm m -2 24 h -1 atm -1 ), PO 2 , is the permeance (defined as the ratio of the O 2 TR to the difference between the partial pressure of the gas on the two sides of the film, Dp), and t is the total thickness of the material. To quantify the contribution of the bionanocomposite coatings to the total (i.e., substrate plus coating) P 0 O 2 values, the well-known series resistance formula intended for multilayer systems was used:
where P represents the oxygen permeability coefficient (P 0 O 2 , mL lm m -2 24 h -1 atm -1 ) of the layer; and l stands for its thickness (lm). With knowledge of l tot , l PET , l coating , P tot , and P PET , the P 0 O 2 coefficient (P coating ) for the nanocomposite coatings can be calculated from Eq. 3.
Water vapor transmission rate (WVTR) was assessed on a 50 cm 2 surface sample according to the standard method ASTM F1249-05, with a carrier flow (N 2 ) of 10 mL min -1 . Measurements were performed at 23°C and 65 % relative humidity (RH), which is the humidity gradient between the two semi-chambers between which the sample was mounted. Final WVTR values were expressed as g m 
Optical properties
Haze was measured within the wavelength range 780-380 nm, in accordance with ASTM D1003-00, using a UV-Vis high-performance spectrophotometer (Lambda 650, PerkinElmer, Waltham, MA, USA) coupled with a 150 mm integrating sphere, which allows trapping of diffuse transmitted light. Quantification of haze, defined as the percentage of transmitted light deviating by more than an angle of 2.5°from the direction of the incident beam, is important, especially from a commercial point of view, as it is responsible for reduction in the contrast between objects viewed through the specimen. The data shown are the average of nine replicates.
Statistical analysis
Statistical significance of differences between mean values was determined by one-way analysis of variance (ANOVA), using Statgraphic Plus 4.0 software. The mean values, where appropriate, were compared by Student's t test with a significance level (p) \ 0.05. The comparison between the experimental moisture sorption data and those predicted by the GAB model was performed using the root mean square error (RMSE), calculated as follows:
where x exp,i is the observed (measured) value, x pred,i is the value predicted by the model, and n the number of the experimental measurements. RMSE is a widely used parameter to estimate the quality of model fitting as well as to compare the individual model performance. If RMSE tends toward 0 or is very close to the experimental error, it means that model is able to represent the experimental data.
Results and discussion
Infrared spectroscopy
The most relevant peaks of MFC and pullulan films are reported in the supporting information (Figures S1a and S1b, respectively). A first characteristic band at *3,300 cm -1 for both polymers is assigned to the stretching vibration of -OH groups involved in the formation of hydrogen bonds at the intra-and intermolecular level (Vieira et al. 2011; Farris et al. 2012) . Other common bands concern C-O-C stretching at 1,162 and 1,154 cm -1 for MFC and pullulan, respectively. The peak at 1,110 cm -1 in the spectrum of MFC is assigned to the skeletal vibration involving C-O stretching of the b(1 ? 4) glycosidic linkages of the b-D-glucopyranosyl units of cellulose (Marcovich et al. 1996) , while the peak at 1,081 cm -1 in the pullulan spectrum is attributed to stretching of the C 6 -OH bond (Shingel 2002) .
FTIR spectra of MFC, pullulan (A0), and of bionanocomposite formulations B1, C5 and D10 are reported in Fig. 1 . As shown in Fig. 1a , the addition of the nanofiller (MFC) apparently did not make any significant change in the spectrum of the main polymer (i.e., pullulan). In similar work on MFC-sodium caseinate nanocomposites, the same observation was explained in terms of low filler loading (Pereda et al. 2011 ). However, a deeper examination reveals a shifting especially in the peaks at 3,300 and 1,078 cm -1 in the bionanocomposite films with respect to the unreinforced ones. The same shifts were also observed in pullulan-silica bionanocomposites . Shifting of bands specifically assigned to -OH groups are generally associated with the establishment of new hydrogen bonds between phases (MFC and pullulan, in this case) (Tong et al. 2008) . Therefore, it is likely interaction between MFC and pullulan in the nanocomposite films was governed by hydrogen bonding.
X-ray diffraction (XRD)
The diffractograms of pristine polymers (cellulose and pullulan) and nanocomposites are displayed in Fig. 2 . Pullulan (A0) shows a broad hump ranging from *7°t o *30°2h (maximum at *18°2h), indicative of an amorphous organization of this exopolysaccharide, as found in previous works (Trovatti et al. 2012; FuentesCellulose (2014) French (2014) . This pattern, compared with those calculated for cellulose polymorphs (French 2014) , shows the best correspondence with that of cellulose Ib, the predominant polymorph present in higher plants. The difference concerning the intensities of the two peaks at 15.0°and 16.4°2h (in cellulose Ib the first one is slightly higher than the second) might depend on the stronger contribution of the background at 16.4°2h. The absence of the shoulder on the left side of the main peak (between *20 and *21°2h) suggests that a preferred orientation along the fiber axis has occurred in the powdered sample. This is corroborated by the powder diffraction patterns of cellulose Ib calculated by French (2014) , where the shoulder is present when crystallites are randomly oriented, confirming what was originally found by Segal et al. (1959) . Finally, the width of the peaks at half maximum height (2.2°2h measured on the main peak) and the hump shape of the background indicate that the MFC contains an amorphous component. On the other hand, bionanocomposite diffraction patterns are characterized by the predominance of the amorphous pullulan profile, progressively modified by the increase of the cellulose content. However, considering the signal to noise ratio and the low quantity of MFC, in particular in the B1 and C5 samples, it is difficult to see the (200) peak in the bionanocomposites. The diffractogram of sample B1 shows a hump, slightly higher in intensity with respect to A0. The effect of cellulose presence in bionanocomposite matrices is more appreciable in sample C5, where a very subtle shoulder came out in correspondence of the MFC main peak (i.e., at *22.6°2 h), whereas the same reflection is more evident in D10 diffractogram, according to previous observation by Trovatti et al. (2012) . On the whole, the way in which cellulose and pullulan diffraction patterns combine in bionanocomposite materials is analogous to that reported by Lu et al. (2008) for composites prepared with cellulose and polyvinyl alcohol and by Ninan et al. (2013) for pectin/carboxymethyl cellulose/microfibrillated cellulose composites. As reported by the same authors, the fact that neither of the two strong peaks of MFC was found in bionanocomposite materials could be due to the low cellulose content. 
Moisture sorption isotherms
The experimental moisture sorption data and the isotherms as predicted by the GAB model (Eq. 1) are displayed in Fig. 3 . For all the four formulations, the moisture uptake increased monotonically until a specific a w (*0.7), after which an exponential increase in water uptake was observed. According to Brunauer classification (1945), this shape is typical of type III isotherms for high-crystalline substances. Concerning our systems, it is plausible that at a w values below 0.7-0.8, the amount of moisture gained by the matrix is low because it occurs only at the few free -OH sites on the surface of the films. This would also explain the different shape of pure MFC films, which exhibit a sigmoid or S-shape profile (type II) (Belbekhouche et al. 2011 ). An increase in a w ([0.8) progressively displaces the MFC-pullulan interactions (hydrogen bonds) by water-polymer (MFC and pullulan) interactions, thus the steep increase in the moisture content of the films.
Both the coefficient of determination (R 2 ) and the RMSE values (the former close to the unit, the latter approaching 0) indicated that the fitting procedure of the experimental data with the GAB model was satisfactory (Table 1) . However, the statistical analysis also demonstrated that there was no statistical difference between the experimental data at each a w value, with the exception for the moisture content of the sample A0 at a w = 0.53 and the moisture content of the sample D10 at a w = 0.92 (data not shown). This unequivocally indicates that the amount of MFC used to obtain the different nanocomposite films did not impact significantly the adsorption properties of the final materials. Although not significant from a statistical point of view, the modeling parameters arising from the fitting procedure of Eq. 2 to the experimental sorption measurements (see Table 1 ) suggested the possible scenario at physicochemical level for each matrix. In particular, the moisture content in the monolayer (M 0 ) predicted by the GAB model was equal to 4.8, 0.65, 1.18, and 1.45 g/100 g solids for samples A0, B1, C5, and D10, respectively, which would suggest that interactions between MFC and pullulan might have reduced the number of active sites on the pullulan backbone available for water molecules. On the other hand, the progressive increase in M 0 within the MFC nanocomposites can be ascribed to an increase in the MFC content, i.e. an increase in hydroxyl groups (beyond those available on the pullulan backbone) able to interact with the surrounding water molecules. The information gathered by the M 0 values is corroborated by the values of the C parameter in the GAB equation (Table 1 ). In particular, C is a measure of the strength of binding of water to the primary binding sites. The larger C, the more strongly that the water is bound in the monolayer and the larger the difference in enthalpy between the monolayer molecules and multilayer molecules (Quirijns et al. 2005) . Therefore, the larger C value for the sample A0 confirms the presence of water beyond the Cellulose (2014) 21:4323-4335 4329 primary binding sites, whereas the highest C value for the sample B1 suggests that the interaction with the adsorbed water molecules is through the primary binding sites of the monolayer.
Mechanical properties
Mechanical properties of pullulan (A0) and bionanocomposite films (B1, C5, and D10) were studied by tensile experiments. Elastic modulus (Emod), elongation at break (e), and tensile strength (TS), determined from the stress-strain curves (Fig. 4) , are shown in Table 2 . Elastic modulus of bionanocomposite films was significantly higher for samples C5 and D10, whereas loading below 0.01 % on the total solids apparently did not provide any significant improvement (formulation B1). Interestingly, increasing the amount of MFC loaded into the pullulan matrix did not impair the stretching properties of the final nanocomposites. Although the e values of bionanocomposites were not high, especially if compared with common plastic films, it must be remembered that no plasticizers were used in the formulation of the final films. The addition of MFC also yielded an increase in the tensile strength of the materials, proportional to the filler loading, up to *58 MPa for the highest filler loading (10 wt% db, formulation D10). The increase in elastic modulus and tensile strength is also indicative of the uniform dispersion of MFC fibrils in the pullulan matrix (Khalil et al. 2012) and their ability to form a rigid network (Lavoine et al. 2012) . These results confirm the superior reinforcing effect of cellulose-derived nanoparticles over other nanosized organic fillers. For example, the elastic modulus, tensile strength, and elongation at break measured for starch nanocrystals (SN)/pullulan nanocomposites (SN loading = 10 wt% with respect to the total dry mass, analyses carried out at 53 % RH) were *300, *9 MPa, and *100 % (Kristo and Biliaderis 2007). However, it should be noted that sorbitol (30 wt% with respect to the total dry mass) was used throughout the experiments as a plasticizer. Furthermore, the association between MFC and pullulan led to better performance with respect to other MFC-biopolymer composites. For example, MFC-amylopectin films (MFC loading = 10 wt% with respect to the total dry mass) without plasticizers had an elastic modulus of *1,800 MPa, tensile strength *40 MPa, and elongation at break of *3.0 % (tests carried out at 50 % RH) (López-Rubio et al. 2007 ). Finally, our results seem to demonstrate the best reinforcing performance of MFC over nanofibrillated celluloce (NFC) nanocomposites (Trovatti et al. 2012) . For example, the elastic modulus for NFC-pullulan films at 5 and 10 % NFC loading was 0.028 and 0.032 GPa, respectively, which have to be compared with 3.98 and 4.54 GPa for the same MFC loadings (5 and 10 wt%). This was reflected in the slight inferior elongation at break of MFC films (1.86 and 1.90 % for samples B5 and D10) compared to NFC films (2.0 and 2.4 % for the pullulan films containing 5 and 10 wt% NFC, respectively).
Oxygen and water vapor barrier properties
Results from permeability measurements are reported in Table 3 . The oxygen barrier performance of the Table 1 Root mean square error (RMSE, g/100 g, Eq. 3 in the text) and parameters obtained from the fitting of the experimental sorption data with the GAB model (Eq. 1 in the text) for pullulan films (A0) and nanocomposite formulations B1, C5, and D10 at 25°C tested samples was decidedly good under dry conditions, being the P 0 O 2 values in line with those of commonly used barrier films/coatings of both petrolbased and natural origin (Table 4 ). The O 2 barrier properties increased by increasing the MFC content. This observation is in line with the XRD data, i.e., besides other factors, the higher the degree of crystal domains, the higher the barrier performance, due to the physical impedance offered by crystal regions to the diffusion of oxygen molecules (Chinga-Carrasco and Syverud 2012; Cozzolino et al. 2012) .
As the relative humidity increased to 80 %, overall performance was impaired insofar as the final P 0 O 2 values of bionanocomposite coatings increased approximately two orders of magnitude. The detrimental effect of humidity on the barrier properties of hydrophilic polymers is well-known (Zhang et al. 2001; Hu et al. 2005) . It is ascribed to the plasticizing effect of water molecules adsorbed by the polymer surface and bulk, especially in correspondence with the amorphous regions (Aulin et al. 2010; Kurek et al. 2014) . Weakening of the hydrogen bonds at intramolecular and intermolecular level may occur in the long run. Eventually, both phenomena lead to an increase in chain mobility and free volume, which is reflected in a higher diffusion of the permeant (e.g., oxygen) across the polymer matrix. Still, the best performance was recorded for the formulation D10, which can be explained by the lower water sensitivity of crystalline domains compared to the amorphous regions of the polymer matrices (the higher amount of crystallite regions could have induced a decrease in the relaxation rate of the polymer chains) (Cozzolino et al. 2012) .
With respect to the P 0 WV values, it can be clearly seen that both pullulan and bionanocomposite films were moderate barrier against water vapor. This observation confirms what was reported for other biopolymers (Chiellini 2008; Lacroix 2009 ) and MFC-based films (Hult et al. 2010) . Moreover, the fact that there was no statistically significant difference in the P 0 WV values between samples suggests that the addition of MFC did not bring any specific benefit to the final performance. The hydrophilic nature of these materials (thus the high affinity towards water molecules) is the main reason for this behavior.
Optical properties
Haze, defined as the percentage of transmitted light deviating by more than an angle of 2.5°from the direction of the incident beam, is an important optical property for several applications (Farris et al. 2009 ). In some cases (e.g., food packaging), when visual inspection through the material must be preserved, it is of the utmost importance to minimize the haze value of the materials to allow an adequate display of the product across the package. Accordingly, high haze values hiding the contents of the package may irreparably affect the final consumers' choice. For other applications (e.g., solar cells and greenhouses), scattering of the visible light may have a detrimental effect in the yield of the processes involved in the capture of the incident radiation (e.g., energy conversion and photosynthesis). Quantification of haze may thus dictate the market penetration of new materials in specific sectors.
Within this study, haze was first measured on pure pullulan and nanocomposite films. The experimental haze values (h, %) are reported in Fig. 5a (upper data set). To reset any influence arising from differences in thickness of the films, it has been expedient to normalize these values with respect to the highest thickness value (for the one in sample B1, see Table 2 ). Normalized values are reported in Fig. 5a (lower data set). Increasing the amount of MFC yielded a proportional increase in haze, which is responsible for reducing contrast of objects viewed through it, as clearly shown by the images inset in Fig. 5a . In particular, for the nanocomposite films, the haze variation as a function of the filler loading is governed by a linear relationship (see the h' trend). The haze values recorded for the final films are too high for most applications. For example, in food packaging, haze values as high as 3 % are generally judged adequate for a proper display of the products (Introzzi et al. 2012b) , although some plastics have haze values slightly higher (e.g., low-density polyethylene 48 lm thick *6 %) (Farris et al. 2009 ). However, it should be noted that these values rely on the high thickness of the films. Therefore, MFC/ pullulan bionanocomposites can more profitably be used in the form of thin films (coatings) rather than bulky sheets, which would allow minimizing light scattering. To support this consideration, we collected haze values of a PET film coated with the different formulations included in this work (thickness of the coatings *1 lm). As shown in Fig. 5b , the deposition of the coatings modified the haze values of the coated PET substrates to only a limited extent, confirming that coatings may represent a most suitable solution over stand-alone films. The increase in haze observed for film and coating samples can be explained in terms of surface roughness (Tilley 2011) rather than presence of scattering centers (Introzzi et al. 2012b) . As observed in previous works, the addition of MFC to polymer systems (e.g., films and coatings) leads to an increase in surface roughness as measured by laser profilometry or atomic force microscopy (Syverud et al. 2011; ChingaCarrasco and Syverud 2012; Cozzolino et al. 2013) . In particular, the increase in roughness was in the micron-scale and was attributed to the inherent fibrillated nature of MFC. Conversely, the presence of macro-sized domains has not been described, as opposed to nanocomposite systems based on inorganic fillers (e.g., clays).
Conclusions
Novel ''green'' nanocomposites based on pullulan and microfibrillated cellulose were prepared and characterized. Infrared spectroscopy analysis suggested that the two polymers presumably interacted by cooperative hydrogen bonding, while the incorporation of the highly crystalline MFC was responsible for the excellent mechanical properties of final films as well as the high oxygen barrier properties under dry conditions. However, the nanocomposite films still showed sensitivity to high relative humidity values, which has to be linked to the highly hydrophilic nature of both MFC and pullulan. The high degree of haze measured for the nanocomposite materials clearly indicated that they are not suitable in the form of films, especially when clear display of objects through the films is required. The use of MFC/pullulan bionanocomposites in the form of thin coatings (e.g., on plastic films) is thus suggested toprevent this drawback. values are reported as a label on top of each data point. Error bars represent the standard deviation around the mean value (n = 9). The see-through capability of each film formulation is shown by the inset images; b haze values of a PET film coated with pure pullulan (A0) and nanocomposite formulations (B1, C5, and D10). Note that the haze value of bare PET was measured to be 2.78 % ± 0.14 Cellulose (2014) 21:4323-4335 4333
